The impact loading of a notched semi-circular bend (NSCB) specimen of outcrop shale in Changning Sichuan was carried out using a split Hopkinson pressure bar (SHPB) to study the effect of shale bedding on the dynamic crack initiation toughness. Three loading configurations were tested: Crack-divider, Crack-splitter and Crack-arrester loading. Bedding plane has a significant effect on the crack initiation of shale. Under the Crack-divider and Crack-splitter modes, shale had lower dynamic crack initiation toughness. The dynamic crack initiation toughness of the shale was affected by the loading rate for all three loading configurations. The correlation between loading rate and dynamic crack initiation toughness was most significant for the Crack-arrester mode, while the Crack-splitter mode was the weakest. When loading was carried out on Crack-arrester, the bedding plane could change the direction of crack growth. In the Crack-splitter mode, only a small impact energy was needed to achieve effective expansion of a crack. The research results provide a theoretical basis for shale cracking.
Introduction
China's shale gas resource reserves are huge. Although China has begun commercial development of shale gas, it is still in its infancy and there are many technical difficulties. As a sedimentary rock, shale exhibits bedding characteristics in its structure, which leads to anisotropy in the vertical bedding direction and isotropy in the parallel bedding direction, so shale can be regarded as a transversely isotropic material [1] . The effective cleaving of shale is key to the successful exploitation of shale gas.
Many scholars have studied the physico-mechanical properties of shale and rock with bedding structures. Zhao [2] reported anisotropy of the strength of argillaceous siltstone along the angle between the bedding plane and the principal stress axis. The strength was lowest when the principal stress axis and the weak surface were at an angle of 30 • . Mao et al. [3] analyzed the influence of the orientation of slate bedding on development of its compressive strength and failure mechanism. Gao et al. [4] compared the mechanical properties of the slate bedding plane and axial angle in both horizontal and perpendicular directions, and determined the effects of different angles of dip micro-beddings on rock deformation and strength characteristics and parameters. Vernik and Nur [5] studied the anisotropic characteristics of black organic shale wave velocity and concluded that the anisotropy was mainly caused by its microstructure. Kuila et al. [6] studied the anisotropic characteristics of shale caused by a complex stress environment and considered that shale still had high anisotropy characteristics under a high confining pressure. Niandou et al. [7] subjected Tournemire shale to conventional triaxial tests and studied its mechanical behavior under loading and unloading conditions. The results indicated that the shale had significant anisotropic plastic deformation. The failure morphology was strongly dependent on confining pressure and loading bedding angles. Li et al. [8] conducted triaxial compression comparison tests on gas-bearing shales from Barnett, Haynesville, and Eagle Ford in North America and the Lower Silurian Longmaxi Formation in southern China, and determined the mechanical behavior and destruction modes of gas-bearing shales under different stress conditions. Hou et al. [9] used a high-speed camera and acoustic emission system to observe Brazil splitting of shale at different bedding angles. The anisotropic characteristics of shale tensile strength, splitting modulus, and stress peaks were obvious. The extended path of the crack failure surface was strongly influenced by the bedding direction; the acoustic emission activity and energy release were enhanced with an increase of the bedding angle. These results further verified the variation of fracture of shale with bedding angle and the anisotropy of the failure mechanism. Heng et al. [10] performed uniaxial and triaxial compression tests on Longmaxi Formation shale, analyzed the anisotropy of the mechanical properties, strength characteristics, and fracture modes, and revealed anisotropy of the failure mechanism.
In research on the dynamic fracturing of rock, Zhou et al. [11] used a SHPB impact on cracked chevron-notched Brazilian disc (CCNBD) samples and determined the dynamic crack initiation toughness of basalt at different depths of occurrence. Ni et al. [12] carried out dynamic fracture experiments on sandstone single-cleavage drilled compression (SCDC) samples, and determined the dynamic crack initiation toughness of mode I sandstone by experimental-numerical and quasi-static methods. The calculated toughness values were compared. Chen et al. [13] carried out dynamic fracture experiments on Lauren granite NSCB samples. After reaching a dynamic force balance at both ends of the sample, dynamic fracture parameters of mode I were determined, including the dynamic crack initiation toughness, fracture energy, dynamic crack growth toughness and crack growth rate. Dai et al. [14] carried out the dynamic fracture tests of Barre granite [15] NSCB specimens with anisotropy. It was found that the anisotropy of dynamic crack initiation toughness has a loading rate effect, which shows that the anisotropy decreases with the increase of the loading rate.
Many scholars have studied rock materials with bedding structures and dynamic fracture of rock materials under impact loads, but there are few studies on the dynamic fracture of shale under impact loading. In this work, the influence of the bedding direction on mode I dynamic crack initiation toughness and fracture modes of shale was studied using the NSCB specimen recommended by the International Society for Rock Mechanics (ISRM) [16] . The effect of loading rate on dynamic crack initiation toughness was analyzed to provide a theoretical basis for the dynamic cracking of shale.
Methods and Materials

Sample Preparation
Test samples with an obviously developed bedding plane were drilled from outcropping shale of the Changning in Sichuan, which belongs to the shale gas area in Yibin. To study the bedding effect of dynamic fractures of shale in this area, the collected shale blocks were drilled in parallel and perpendicular to bedding directions. According to the ISRM recommendations for rock materials, the NSCB fracture toughness test standard was employed [16] . The samples were first made into Brazilian discs with a diameter of 100 mm and height of 45 mm, then cut and slit to make NSCB samples, as shown in Figure 1 . The specific geometric dimensions are shown in Table 1 . 
Test System and Principle
The experiments were carried out at the State Key Laboratory of Geomechanics and Underground Engineering, China University of Mining and Technology (Beijing). Dynamic impact loading tests of the NSCB samples were carried out using a 75 mm diameter SHPB experimental system, the parameters of which are shown in Table 2 . According to the one-dimensional stress wave hypothesis of the SHPB experimental technique, a load is superimposed on the left end of the sample by an incident wave ɛ and reflected wave ɛ . The load on the right end of the sample is calculated by the transmitted wave ɛ , as shown in Figure 2 . These loads are given by:
where A is the cross-sectional area of the bar, E is the elastic modulus of the bar. In the impact loading process, the force balance between the ends of the test sample is the premise for calculating the dynamic crack initiation toughness [13] [14] 16] , i.e., . The SHPB uses a conical striker to strike the incident bar, which produces ramped (half sine) incident wave, allowing the material to establish a stress balance before it breaks. The entire process of shale fracture was simultaneously recorded during the test by high-speed camera to analyze the anisotropy of the fracture mode. 
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where A is the cross-sectional area of the bar, E is the elastic modulus of the bar. In the impact loading process, the force balance between the ends of the test sample is the premise for calculating the dynamic crack initiation toughness [13] [14] 16] , i.e., . The SHPB uses a conical striker to strike the incident bar, which produces ramped (half sine) incident wave, allowing the material to establish a stress balance before it breaks. The entire process of shale fracture was simultaneously recorded during the test by high-speed camera to analyze the anisotropy of the fracture mode. According to the International Society for Rock Mechanics (ISRM) test standard [16] , the distance between the two supports of the transmitted bar end was set to S = 55 mm, as shown in Figure 2 . The pre-crack dimensionless length was defined as α a = a/R = 0.2 and the dimensionless support spacing was α s = S/D = 0.55. By applying a balancing force to the test sample, the pre-crack in the center of the test sample was subjected to mode I fracture. The stress intensity factor of the crack tip in the test sample is given by:
where F(t) is the dynamic load at both ends of the test sample; Y(α a ) is a dimensionless function that depends on the geometric parameters of the prefabricated crack. When 0.15 < α a < 0.5, α s = 0.55 and the Y(α a ) function can be expressed as:
According to the basic principles of fracture mechanics [17, 18] , the instability point of dynamic crack initiation toughness is considered to occur at the maximum load (F max ). The engineering significance of the stress intensity factor is used to determine whether brittle fracturing will occur. According to its definition, the critical value of the stress intensity factor is the fracture toughness of the material. Therefore, the dynamic crack initiation toughness of the test sample is obtained by bringing the maximum load on the end face of the test sample into the mode I crack tip stress intensity factor formula recommended by ISRM: Figure 3 provides a schematic diagram of the three loading modes of the NSCB test sample. According to the relative orientations of the loading direction and the bedding structural plane, three loading modes were tested: (a) Crack-divider (b) Crack-splitter and (c) Crack-arrester. Among them, the (a) and (b) loading direction is parallel to the bedding, and the (c) loading direction is perpendicular to the bedding. Each of the loading modes was tested at four different impact pressures to evaluate the dynamic crack initiation toughness and regular rupture of shale under different pressure gradients. Three effective samples which a achieved dynamic force balance were tested for each pressure gradient, as shown in Figure 4 .
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Results and Analysis
Effect of Bedding on Shale Crack Initiation Toughness
Once the ends of the sample reached a balance of force, the dynamic crack initiation toughness was obtained according to the calculation formula. The loading rate depends on the impact velocity of the SHPB bullet. The calculation results are shown in Tables 3-5 for the three loading configurations. 
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Effect of Bedding on Shale Crack Initiation Toughness
Once the ends of the sample reached a balance of force, the dynamic crack initiation toughness was obtained according to the calculation formula. The loading rate depends on the impact velocity of the SHPB bullet. The calculation results are shown in Tables 3-5 for the three loading configurations. Figure 5 shows the relationship between dynamic crack initiation toughness and loading rate of shale for the three loading modes.
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Shale Fracture Mode
The NSCB samples showed different fracture modes in the three sets of experiments due to the shale bedding plane. Figure 6 displays three typical fracture modes of the specimens, as recorded by a high-speed camera.
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By analyzing the above shale fracture results, it was found that Crack-divider loading has smaller dynamic crack initiation toughness than Crack-arrester loading; cracking was easier, but only a single crack formed and no effective crack network, which made the shale gas spread more easily, was generated. This is not conducive to the formation of shale gas diffusion channels. An effective crack network was formed by Crack-splitter and Crack-arrester loading methods. The dynamic crack initiation toughness of the Crack-splitter loaded shale was the minimum of the three configurations and was the easiest configuration to crack.
Shale is a transverse homogenous material. The difficulty of fracture, that is, the size of dynamic crack initiation toughness and fracture modes are key to the success of shale gas development. These research results provide theoretical support for shale gas development.
Discussion
The granite used in Dai et al., exhibited strong anisotropy due to its pre-existing micro-cracks induced by long-term tectonic loading. The index of the mode-I dynamic crack initiation toughness anisotropy of the granite is the ratio of the maximum toughness to the minimum toughness of different specimens under the same loading condition, the smaller this ratio, the smaller the anisotropy. We think the bedding structure of the shale used in this experiment is different from the micro-cracks of granite. The two kinds of rocks are different materials with different structural features. Due to the large distribution of graptolite in bedding plane of shale, the consolidation between bedding planes is weaker, and the strength of the rock mass is larger, so it exhibits different anisotropy from the granite.
Conclusions
1.
We studied the influence of bedding plane on dynamic crack initiation toughness of shale. Under the condition of parallel bedding plane loading, the bedding plane had a significant influence on the shale cracking. The shale had the lowest crack initiation toughness under Crack-splitter loading. Compared with the bedding plane and perpendicular loading directions, the shale cracking mainly depended on the strength of the rock mass, so the dynamic crack initiation toughness had a high value.
2.
We analyzed the effect of the loading rate on shale dynamic crack initiation toughness under three loading modes. The Crack-arrester loading mode had the strongest loading rate correlation and Crack-splitter had the weakest. 3.
We analyzed the fracture modes of shale under different loading conditions. When loading was carried out using Crack-arrester, the bedding planes can change the crack expansion direction and consume the most energy. The Crack-splitter loading only required a small amount of energy to achieve effective crack expansion. 
